T he Bernese periacetabular osteotomy (PAO) is a widely used procedure to reorient a dysplastic acetabulum resulting from developmental dysplasia of the hip, retroversion, protrusio, or some deformities with a traumatic etiology. Throughout the execution, the lateral femoral cutaneous nerve (LFCN) as well as the obturator, femoral, and sciatic nerves can be injured. Injury to 1 of the 3 major nerves is a devastating event for the patient followed by an ill-defined period of hope for nerve recovery and fear of lifelong disability. Surgical experience is an essential factor in reducing the prevalence of nerve injury, whereas proof of the value of intraoperative fluoroscopy and nerve monitoring still must be established. Although it is known that, for example, the ischial cuts of the complex osteotomy place the sciatic nerve at risk, the action causing the nerve injury is rarely clear in the individual situation. The literature has been mostly limited to reports of incidence and offers little analytic information.
Introduction
Malfunction of 1 of the 3 major nerves around the hip is a severe surgical complication of periacetabular osteotomy (PAO), and an understanding of the possible impacts of the different steps of the procedure on the nerves in their anatomic vicinity is essential to decrease the risk of these devastating injuries.
The PAO is a versatile surgical procedure for spatial correction of a number of acetabular and periacetabular deformities. Residual acetabular dysplasia is the main indication. A modified Smith-Petersen approach is preferred, and both the surgical approach and the 5 osteotomy cuts are performed in close vicinity to the lateral femoral cutaneous nerve (LFCN) and the femoral, obturator, and sciatic nerves (Video 1). The rate of injury to the LFCN is reported to be as high as 30%; however, the morbidity associated with such a lesion seems to be low 1 . The prevalence of major nerve injury has been mentioned to range from 0% to 15%, and this rather large range is assumed to be a result of the learning curve 2 . Previous reports of nerve injuries during PAO were mainly descriptive with little causative analysis 1, 3, 4 . Appreciation of the mechanisms leading to nerve damage during PAO is the key to reducing the risk of such an event. Therefore, we performed detailed cadaveric dissections to determine how the potential for nerve damage was affected by (1) the surgical approach, (2) the position and direction of the osteotomes as well as the lower-limb positions, and (3) the reorientation maneuver as well as the position of the reoriented fragment. Our dissections demonstrated that LFCN lesions are related to the modified Smith-Petersen approach, lesions of the obturator and sciatic nerves are sequelae of the osteotomy, and femoral nerve damage may occur during reorientation of the acetabular fragment. Precautions to avoid these injuries were tested and are described in the chronological order of the surgical steps of the procedure.
Step 1: Make a C-Shaped Skin Incision and Osteotomize the Anterior Superior Iliac Spine (ASIS) to Best Protect the LFCN (Video 1) Protection of the LFCN depends on the incision and development of the approach.
• Position the patient supine, and make a c-shaped incision with an average length of 20 cm. The c-shaped incision accounts for the course of the nerve proximal and distal to the ASIS. A bikini incision is cosmetically superior, but it might involve more stretching of the soft tissues, potentially placing the nerve at a higher risk for damage distal to the ASIS.
• After sectioning the subcutaneous tissue, identify the fatty tissue band between the sartorius and tensor fasciae latae muscles; it contains the LFCN ( Fig. 1) . . 1 The extrapelvic part of the LFCN runs in a fatty tissue layer between the sartorius and tensor fasciae latae muscles directly under the subcutaneous fascia. It crosses the sartorius origin next to the ASIS. Incising the fascia over the tensor muscle (dotted line) and holding the muscle laterally offer the best protection of the main branch of the LFCN during the deeper approach distal to the ASIS. When present, the lateral branch has to be cut. Video 1 Performance of PAO.
• Incise the fascial layer over the tensor muscle and mobilize the muscle laterally. A proximal branch of the LFCN crosses the tensor muscle, and therefore has to be sectioned, in 3 of 10 hips, a prevalence reflecting the approximately 30% rate of affected LFCN function reported at the time of follow-up after PAO 1 .
• Osteotomize a 1.5-cm-long and 5-mm-deep fragment of the ASIS with the attached origin of the sartorius muscle and mobilize it medially together with the detached obliquus abdominis muscle and the subperiosteally detached iliacus muscle. Mobilize the resulting flap further medially and expose the interspinous ridge (Fig. 2 ).
• Place a Hohmann retractor proximal and/or distal to the ASIS fragment for sufficient medialization of the flap. The LFCN is protected by the soft-tissue barrier consisting of the sartorius and iliacus muscles held together with the ASIS fragment (Fig. 2 ).
• An approach without osteotomy of the ASIS brings the nerve in direct contact with the retractor, increasing the risk of kinking and overstretching (Fig. 3 ).
• Place the extremity on a towel roll in 40°to 60°of hip flexion to reduce the tension on the medial flap (rectus femoris and sartorius muscles). Osteotomy of the ASIS and subperiosteal detachment of the iliacus and obliquus abdominis muscles make it possible to build a strong superficial tissue barrier protecting the LFCN (yellow arrow) from being overstretched during retraction of the medial soft tissues. The dotted line surrounds the cut surface of the ASIS. The interspinous ridge is marked with a white double arrow. AIIS 5 anterior inferior iliac spine. Fig. 3 Without osteotomy of the ASIS the nerve is directly exposed to the edge of the retractor (black arrow) and may be overstretched. AIIS 5 anterior inferior iliac spine.
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Step 2: Do Not Transect the Psoas Tendon to Enable an Easier Approach to the Ischium and Pubis as It Protects the Femoral Nerve from Being Overstretched Sectioning the psoas tendon can result in potentially damaging tensioning of the femoral nerve.
• To approach the ischium and expose the lateral part of the pubis, insert a sharp Hohmann retractor under the medial soft-tissue flap and impact it into the pubic bone about 2 to 2.5 cm medial to the iliopectineal eminence. This keeps the soft-tissue flap, including the psoas tendon, medially.
• To place the spiked Hohmann retractor into the pubis, flex the hip to release tension from the medial soft tissues. Abduction and extension of the hip would increase the tension, while flexion, neutral rotation, and adduction will reduce it (Video 2).
• Do not section the psoas tendon to facilitate the exposure. Although one might be tempted to do so, especially when the tendon is rather tight due to a Legg-Calvé-Perthes hip morphology, sectioning the psoas tendon can result in potentially damaging tensioning of the femoral nerve.
• In a rectus-origin-sparing approach, there may be a risk of the most proximal branch of the femoral nerve being overstretched (Fig. 4) . Surgeons using this approach should be aware of the vicinity to the first branch of the femoral nerve and avoid overstretching by maintaining constant hip flexion while also keeping in mind that hip flexion increases the tension of the sciatic nerve and therefore the risk of its injury during the first ischial cut. Retractors placed for exposure of the anteromedial pelvic surface and lateral pubic bone increase the tension of the femoral nerve when the hip is in full extension; flexion of the hip decreases the tension. Abduction of the flexed hip also produces nerve tension whereas adduction reduces it.
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Step 3: Prevent Injury to the Sciatic Nerve While the Osteotomy of the Ischium Is Being Performed from Anterior We perform the first ischial cut without direct visual control; fluoroscopy can be used to visualize the position of the osteotomy, but it will not completely eliminate the risk of sciatic nerve injury.
• Direct the osteotome toward the contralateral shoulder to help avoid lateral perforation (Fig. 5 ). While the distance from the osteotomy to the inferior lip of the joint (Fig. 6 ) can be controlled by palpating the infracotyloid groove and inferior acetabular lip with instruments or fluoroscopy, it is more difficult to control the medial-lateral insertion. Lateral perforation with the osteotome must be avoided to prevent injury to the sciatic nerve (Fig. 7) . The osteotome is inserted following the inferior aspect of the capsule and is placed distal to the osseous lip of the acetabulum at the infracotyloid groove, a topography that can be palpated with an instrument and/or verified with fluoroscopy. The first cut is made in the middle of the ischium and is followed by a more medial and a more lateral position. 
• Use an osteotome with double rounded tips, which somewhat protects against direct catching and violation of the sciatic nerve (Figs. 8 and 9 ).
• Keep the hip in flexion when placing the osteotome for the lateral part of the ischial osteotomy.
• Before starting the osteotomy of the lateral aspect of the ischium, it is important to move the hip into full extension; this results in the least tension of the sciatic nerve, whereas any hip flexion will immediately increase nerve tension (Video 3). When the hip cannot be fully extended, nerve relaxation can be increased with additional knee flexion and further increased with additional hip abduction (Video 3). However, when full extension of the hip is possible it results in optimal relaxation of the nerve and additional flexion of the knee does little to increase nerve relaxation (Video 4).
• Flexion of the hip also moves the sciatic nerve closer to the ischial osteotomy site, while the distance increases somewhat with hip abduction (Video 5).
• Maintain the extended position with an assistant's hand around the forefoot. This allows recognition of movement of the foot, which indicates a neuromuscular reaction. -mm large osteotome with a 30°curve and no handle. It is used for the starting cut of the retroacetabular osteotomy at its supra-acetabular part. The same device without a curve can also be used. 2 5 20-mm large osteotome that is angulated 30°and has a handle and square shoulders. It was once applied for the first and last ischial cuts but is no longer in use. 3 5 20-mm large double-tipped osteotome with blunt edges that is angulated 30°at 40 mm from the cutting edge and has sloping shoulders. It is used for the inside-out cut of the retroacetabular osteotomy. 4 5 15-mm large double-tipped osteotome with blunt edges, a 30°curve, and no shoulders. The complete absence of shoulders prevents tethering. The osteotome is primarily used for the first ischial cut. Fig. 9 With the hip in extension, the relaxed sciatic nerve may escape an inaccurately aligned osteotome while the rounded edges of the osteotome may help further to prevent nerve injury. Video 3 An immediate and important increase in sciatic nerve tension occurs with hip flexion, modest relaxation of the nerve occurs with flexion of the knee while the hip is in a flexed position, and slightly more relaxation occurs with additional hip abduction. Video 4 Flexion of the knee while the hip is fully extended does not visibly increase sciatic nerve relaxation. Video 5 Flexion of the hip not only places the sciatic nerve under tension but also displaces it anteriorly and closer to the osteotomy level. Simultaneous rotation has little additional effect. The relaxing effect with abduction, as seen in Video 3, is overridden by the retractor holding away the nerve at the moment of abduction.
Step 4: Protect the Obturator Nerve During Osteotomy of the Pubis The obturator nerve and vessels cross through the obturator foramen inferior to the superior pubic ramus close to the level of the pubic osteotomy; as the nerve is fixed by a membrane in close vicinity to the undersurface of the pubic bone, it may become injured during pubic osteotomy.
• Bring the hip back into the flexed position. Place 2 curved, blunt Hohmann retractors subperiosteally around the pubis just medial to the iliopectineal eminence. Orient the retractors so that the obturator nerve and vessels are protected against the penetrating osteotome when cutting the contralateral cortex of the pubic bone. Use these retractors even when performing the osteotomy with an oscillating or Gigli saw (Fig. 10 ).
• Perform a wedge cut of the ipsilateral cortex with an osteotome or oscillating saw to avoid unintended cracks when deepening the insertion of bulky osteotomes (Fig. 10 ).
• Keep the instrument inclined 45°from anterolateral to posteromedial to ensure that the posterior pubic penetration is medial to the joint (Fig. 11, Video 6 ).
• During the osteotomy, maintain constant observation to ensure that the retractors are placed exactly where the osteotome penetrates the contralateral cortex. Although it has not yet been reported as a complication of PAO in a published study (but has been occasionally seen after acetabular fracture fixation), an obturator nerve lesion can be a substantial problem that impairs active hip adduction. 
Step 5: Prevent Injury to the Sciatic Nerve During Supra-Acetabular and Posterior Column (Inside-Out Osteotomy) for Complete Ischial Separation When performing the supra-acetabular osteotomy, the abductors should be tunneled on the lateral aspect of the pelvis, retracted, and protected by a blunt Hohmann retractor.
• Elevate the soft tissues from the ilium for the dissection of the abductors with the hip extended and abducted to avoid damage to the sciatic nerve. After the supra-acetabular osteotomy, which is usually performed with an oscillating saw with the blunt Hohmann retractor protecting the soft tissues, the inside-out completion of the ischial separation is executed without visual control; therefore, there is a risk of sciatic nerve injury.
• Keep the hip flexed for placement of the osteotome. Fluoroscopy can help to control the starting point and direction of the cut but is less reliable for controlling advancement in the bone and perforation of the outer cortex.
• Relax the nerve again as described in Step 3 (Videos 3, 4, and 5).
• A change in the sound of the hammer blows advancing the curved osteotome indicates when the lateral cortex has been perforated and advancement of the osteotome must stop; the point when the advancement must stop can vary according to bone quality. The area at risk for the sciatic nerve is around the gemellus inferior (Fig. 12) . Therefore, gentle advancement of the osteotome through the rather narrow bone of the posterior column is recommended.
• Use an osteotome with double rounded tips to further reduce the risk of catching the nerve (Fig. 13) . The yellow line indicates the area of retroacetabular bone to be separated with an inside-out osteotomy. It combines the retroacetabular cut with the first incomplete ischial cut (dotted lines). The distance of the bone to be cut is rather short, and the diameter at this level is rather small. A change in the sound of the hammer blows indicates lateral perforation by the osteotome. GT 5 greater trochanter. Fig. 13 Further advancement of the osteotome after lateral perforation should be strictly avoided. Protection of the nerve by the external rotators is minimal. The best protection is relaxation of the sciatic nerve with full hip extension and some abduction. The rounded edges of the osteotome help to avoid lancing of the nerve. 1 5 gluteus medius, 2 5 piriformis, 3 5 sciatic nerve, 4 5 bifid osteotome, and 5 5 greater trochanter.
Step 6: Prevent Femoral Nerve Injuries Resulting from Acetabular Reorientation Most femoral nerve lesions are caused by kinking and overstretching during large acetabular fragment displacement.
• Nerve injuries are due to large corrections achieving fragment anteversion.
• The injury may have a delayed presentation after a short symptom-free interval.
• The large corrections causing these injuries are needed in a deep socket with a negative roof angle and in extremely retroverted hips (iatrogenic) or lateralized hips (posttraumatic dysplasia) (Figs. 14 and 15) 5 . has not yet been corrected. Fig. 15 Same specimen as in Figure 14 . Large medial displacement at the proximal fragment end can result from a hinge near the infracotyloid groove. It may lead to kinking of the femoral nerve at the fragment edge, which will be increased with full extension of the hip.
• If hinge-free fragment mobilization cannot be achieved despite careful osteotomies, the superior edge of the fragment may be resected to reduce the tension of the nerve.
• Do not transect the psoas tendon, as it protects the femoral nerve by reducing the bulging of the iliacus muscle (Video 2), which is seen especially with anterior fragment rotation-for example, to correct an extreme, mainly iatrogenic retroversion (Fig. 16 ).
• Large medial displacement of the acetabular fragment as required for extremely retroverted hips (iatrogenic) or lateralized hips (posttraumatic dysplasia) 6, 7 can also lead to stretching of the femoral nerve. Keep the hip in a flexed position during the initial postoperative period. Allowing only gradual extension might be helpful in the initial postoperative period.
• Watch for a large gap at the pubic osteotomy site, in which the psoas tendon and even the femoral nerve can be trapped (Fig. 17) . Check for such a gap before wound closure and, if found, fill it with a solid bone graft from the iliac crest. With large anterior (and, to a lesser degree, posterior) rotation of the acetabulum (curved arrow), the rising pubic end of the fragment leads to a ventral lift of the femoral nerve (straight arrow), especially when additional lateral coverage has to be performed. Full hip extension may lead to intolerable stretching of the nerve. Massive medial fragment displacement as necessary in posttraumatic dysplasia may be followed by a similar adverse translation of the nerve. 1 5 acetabular fragment, 2 5 iliacus muscle, 3 5 iliac crest, 4 5 Schanz screw, and AIIS 5 anterior inferior iliac spine. Fig. 17 Large diastasis or fragmentation at the pubic osteotomy site may allow not only the psoas tendon but also the femoral nerve to get caught. 1 (dotted line) 5 pubic end of the acetabulum, 2 (arrows) 5 femoral nerve, 3 5 fragmentation of the medial pubis near the osteotomy site due to avulsion by the spiked Hohmann retractor, and 4 5 instrument retracting the medial soft tissue.
Step 7: Avoid Sciatic Nerve Injury During Fragment Reorientation Similar to the femoral nerve, the sciatic nerve can potentially be kinked and/or stretched during large displacement of the acetabular fragment; it can also be lanced by a bone spike on the fragment.
• Control whether the legs of the supra-acetabular and retroacetabular osteotomies meet at the lateral cortex.
During fragment mobilization, a remaining osseous bridge due to an incomplete osteotomy may create a spike on the acetabular fragment; during repositioning maneuvers, it may tent and eventually lance the sciatic nerve (Fig. 18) . This complication has been reported 8 .
• Routinely check the outer edge of the fragment before reorientation and, if there is a spike, resect it. Visual control of the edges of the osteotomy site at the meeting point of the supra-acetabular and retroacetabular osteotomies and of the proximal part of the retroacetabular osteotomy is possible by widening either gap using a lamina spreader. With abduction of the extended lower limb, the acetabular fragment can be manipulated using an inserted Schanz screw. With a blunt retractor placed along the outer osteotomy border and the use of a periosteal elevator, the osteotomy site can be examined distally almost to the level of the infracotyloid groove. Sharp-edged bone spikes are most likely on the acetabular fragment and should be resected using a small but sharp osteotome; fragments should be retrieved, avoiding blind poking within the soft tissues.
• As the nerve follows the osteotomized fragment, large medial displacement of the acetabular fragment might cause it to be kinked over the posterosuperior edge of the stable ilium (Fig. 19) , although so far this has only been observed during cadaver dissections 9 . Control the tension of the abductor musculature, which might be increased (especially with adduction of the lower limb). Keep the lower limb in abduction for several days postoperatively. 
Results
Approximately 800 PAOs were performed by the authors over a 9-year period beginning in 2007, when 2 of them started carrying out this procedure on their own (after several supervised operations). These procedures led to a total of 2 lesions of the sciatic nerve and 2 of the femoral nerve, corresponding to a nerve injury rate of 0.5%. In 3 hips, nerve function was fully recovered within 6 to 9 months. One patient had a definitive foot drop requiring a splint at the time of writing. The senior author was actively involved in about 40 PAOs per year since 1984, about one-third of which were complex surgical procedures combining femoral and acetabular corrections or revisions. His last case with a sciatic nerve lesion dates back to 2003 and occurred in a hip that had undergone several prior operations, including a pelvic triple osteotomy. Unfortunately, the nerve did not recover substantially over time. His last case with femoral nerve injury occurred 2 years later in a hip with a deep socket and a marked negative roof angle; major medial displacement of the proximal part of the acetabular fragment was established to achieve a neutral roof angle. The nerve injury fully resolved within 9 months. This case prompted cadaver dissections to study the pathomorphological correlations (Figs. 14 and  15) . The insights were applied to the surgery on the contralateral hip, resulting in a better correction without damage of the femoral nerve.
Pitfalls & Challenges
• Appreciate size differences, particularly for small or large pelvic anatomies. The resulting dimensional changes necessitate spatial adaptation of the surgical activities.
• Appreciate femoral offset changes as found in both coxa valga and coxa vara. In coxa valga, the first ischial cut must be performed from an anteromedial to posterolateral direction to circumvent the medially protruding calcar, and this direction is dangerous for the sciatic nerve. Abduct the lower limb to move the calcar more laterally; this maneuver also creates some additional nerve relaxation. On the other hand, increased offset in coxa vara might allow the osteotome to be directed lateral to the ischium, a direction that is also dangerous to the sciatic nerve.
• When the PAO is combined with a femoral correction, start with the femoral surgery with the patient in lateral decubitus and perform the first ischial cut through the lateral approach with the possibility of visual control of the sciatic nerve 10 . Identification and mobilization of the sciatic nerve are technically easier when the ischial osteotomy is done immediately after the trochanteric flip and before working on the femur. Draping can be done in such a way that moving the patient into a supine position is possible without redraping.
• When a repeat PAO is being done, carefully evaluate the previous surgery including the approach. Magnetic resonance imaging (MRI) might be advisable to identify substantial scarring of the surrounding soft tissue. If there is scarring at the posterior column, a revision of the sciatic nerve with the patient in lateral decubitus and performance of the ischial osteotomy through a lateral approach should be considered. The remaining osteotomies can be performed through the Smith-Petersen approach.
• Revision of a sciatic nerve that has been previously damaged is almost mandatory. The nerve might be trapped in the scar and therefore less mobile and either directly damaged or stretched during the procedure.
• When there is a postoperative neurological deficit, advanced imaging should be done as early as possible. Either MRI or computed tomography (CT) can identify soft-tissue and osseous alteration. A hematoma or bone spike around the nerve may require immediate revision surgery.
• Proceed in a similar fashion whenever there is a neurological deficit, even if it became evident after a preliminary postoperative period of normal function 8 .
